The objective was to develop a simple routine method for quantitative measurement of endogenous formic acid in plasma and whole blood using headspace gas chromatography-flame ionization detection. (GC-FID). Two-hundred microliters of sample was placed in a 1-mL glass vial. Fifty microliters of aqueous ethanol (10%) was added as an internal standard and a derivatizing agent. Ethylformate formation was enhanced by addition of 200 pL concentrated sulfuric acid as a catalyst. The vials were then sealed immediately and placed in a water bath for 15 rain at 60~ One milliliter of this headspace gas was siphoned using a gas-tight syringe and injected into a GC-FID fitted with a capillary column. Ethanol eluted at approximately 3.0 rain, and ethylformate eluted around 4.7 rain. The limit of quantitation for ethylformate was 0.026 mmol/L, and the limit of detection was 0.020 mmol/L. Imprecisions for spiked plasma samples at 0.25 and 1 mmol/L were 10% and 9%, respectively, and recoveries were at 100% and 108%, respectively. A simple, reliable, and highly specific headspace analysis method for quantifying endogenous formate without the use of a headspace analyzer was developed. This method enables the routine clinical analysis of formate in plasma and whole blood samples.
Introduction
Formic acid and its conjugate base formate are essential endogenous one-carbon metabolites in most living organisms participating in vital one-carbon pool of intermediary metabolism (1, 2) . Studies have shown that formate is the metabolite of methanol (MeOH) and responsible for the toxicity observed in methanol poisoning (3) (4) (5) . Other sources of formate are through the diet, environmentally through inhalation of methanol vapors, and production by intestinal microflora and certain dietary supplements (6, 7) . For methanol toxicity to occur, it first has to be metabolized by alcohol dehydrogenase (ADH) to formaldehyde and then to formic acid ( Figure 1 ). The toxicity of formate includes optic nerve damage an increased anion gap, and metabolic acidosis (8, 9) .
Early laboratory diagnosis of methanol poisoning as well as monitoring of formate levels, whether for occupational health or clinical research purposes, is essential. In the case of methanol poisoning, analyses by gas chromatography (GC)-based methods are the most common. Most hospitals use osmolal and anion gap to aid in their diagnosis of alcohol ingestion. Methanol increases the osmolal gap while formate increases the anion gap (3, 10, 11) . Metabolic acidosis and increased anion and osmolal gaps might not be seen at lower concentrations of plasma methanol (< 20raM) and formate (10, 12, 13) . Furthermore, increases in osmolal and anion gap could also be due to ethylene glycol ingestion (14) . Given the ubiquitous nature of formate and its deleterious effect at higher levels, it is important to have a reliable quantitative method for the measurement of plasma formate at all levels (subclinical and clinical). Most routine clinical methods involve enzymatic analysis and/or GC with flame-ionization detection (FID) (15) (16) (17) (18) . Although these methods are reliable, their sensitivity at lower endogenous levels is poor. Mass spectrometry (MS) may provide a better sensitivity, but it is expensive and has longer turnaround because of sample preparation. We describe here a simple, quantitative GC-FID method that is sensitive at lower formate levels and provides a faster turnaround time. ethylformate was done using HP 3365 series II Chemstation (version A.03.21, Hewlett-Packard). Quantitation of the ethylformate was done using the ratio of the ethylformate peak area to that of ethanol using standard curves (Chemistry Software for Windows | ChemSWrM). Figure 2 shows the chromatogram with the internal standard (ethanol) eluting at 2.9 rain and ethylformate at 4.5 rain. A six-point linear calibration curve was constructed for the aqueous standards. The chromatography of these aqueous standards showed complete separation of the analyte and the internal standard (ethanol). Spiked samples also showed chromatography consistent with that seen in the aqueous standards. The amount of ethanol added as an internal standard resulted in very high levels (final concentration 311raM, 14.29 g). Thus, any ethanol present in the sample would not have an effect on the quantitation.
Results

Linearity
A six-point calibration curve was constructed for the low standards ( Figure 3A ) and a five-point curve for the high stan- dards ( Figure 3B ). The dynamic range selected was based on physiological levels of formate (4, 8, 19, 20) . The low standard curve calibration points included a blank, 0.125, 0.250, 0.500, 1.000, 2.000, and 4.000 mmol/L. Linear regression equation wasy = 0.0537x + 0.00075 (r = 0.9992; r 2 = 0.9985). The high standard curve calibration points included a blank, 2, 4, 10, and 20 mmol/L. Linear regression equation was y = 0.00502x + -0.00034 (r = 0.9999; r 2 = 0.9999).
Sample
Precision and recovery
The limit of detection (LOD), determined in aqueous standards, was 0.02 mmol/L, corresponding to imprecision (coefficient of variation, CV) of 24%. Limit of quantification (LOQ) was 0.026 mmol/L (CV = 20%). The LOQ was obtained by fitting a curve using the equation CV = A + B x (1/mean) to estimate the relationship between mean and CV. Based on this model the concentration at whose upper 95% confidence interval for the curve had a CV of 20% was determined as the LOQ ( Figure 4 and Table II ).
Recovery and intra-assay precision of formate in plasma were determined at two levels (0.125 mmol/L and 1.000 mmol/L). Recovery and precision at both spiked levels were acceptable (101-108%). Imprecision at 0.125 mmolfu was 10.5%, and at 1 mmol/L, it was 8.6% (Table III) .
Clinical samples
The results of formate analysis on 69 pregnant women are summarized in Table IV . The mean _+ 8D was 0.202 • 0.198 mmol/L. This was consistent with that found by other workers (4, 6, 8, 19, 21) . The formate profile of a female patient admitted into the intensive care unit for suspected methanol poisoning is shown in Figure 5 . This patient was on treatment for methanol poisoning that included hemodialysis. Plasma formate profile with time in pigs (n = 4) administered a bolus intravenous injection of formate (237 mg/kg, as a sodium formate) is shown in Figure 6 . Hence, we were able to achieve a better resolution in our peaks not only because of the column properties but also due to the fact that our esterification of formate produced ethylformate compared to methylformate in Abolin et al. (15) . Unlike ethylformate, methyiformate elutes very close to methanol, thus making it impossible to separate completely from the methanol peak. In fact, this was the reason we chose ethylformate as our esterification product.
Discussion Low High
